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typic alterations associated with avirulence in streptomycin-resistant Pasteurella pestis. J. Bacteriol. 84:615-624. 1962 .-Avirulence in Pasteurella pestis, as indicated by the existence of a new genotype, was associated with the genetic loss of Ca++ dependence rather than with the usual concomitant loss of ability to produce virulence antigens. Strains of the new type exhibited all four of the known virulence factors of P. pestis but were avirulent for mice and guinea pigs (LD5o > 108 cells). In addition to producing virulence antigens, the new strains formed rough colonies at 37 C when grown on Caldeficient medium, as opposed to typical avirulent strains which formed smooth colonies on this medium and failed to produce virulence antigens. Growth of the new strains in a corresponding Ca++-deficient broth medium was slow, as compared with that of typical avirulent strains, but was more rapid than that of virulent strains. The new strains were obtained (i) at 26 C by selecting for resistance to streptomycin or (ii) at 37 C by isolation from rough colonies growing on a Ca++-deficient agar medium plated with either a virulent streptomycinsensitive or -resistant culture. Usually, isolates obtained at 26 C exhibited a marked reduction in ability to form colonies upon primary plating at 37 C. Of 108 streptomycin-resistant isolates obtained from six virulent strains, 20% were of the new type. In addition, five isolates were of reduced virulence (mouse LD5 -104 cells) but differed in being Ca-+dependent; they possessed all of the known virulence properties. Certain streptomycin-resistant strains failed to give rise to avirulent colonies when plated on a Cal ldeficient agar medium containing streptomycin. The significance of this phenomenon, which was not exhibited by the five strains of reduced virulence, is discussed, as are some apparent differences between isolates from a glycerol-fermenting strain and similar isolates obtained from five nonglycerol-fermenting strains. Garber, Noble, and Carouso (1953) reported that four of seven streptomycin-resistant isolates obtained from a virulent strain of Pasteurella pestis were avirulent. The present study was initiated to determine the nature of the genetic changes which may concomitantly occur upon selection for resistance to streptomycin. A virulent cell (i) is purine-independent (Burrows, 1955) , (ii) grows as a pigmented colony on a defined agar medium containing hemin (Jackson and Burrows, 1956a) , (iii) produces envelope or fraction I antigen (Baker et al., 1952; Burrows and Bacon, 1958) , and (iv) produces virulence antigens (Burrows and Bacon, 1956 ). The significance of these virulence properties has recently been reviewed by Burrows (1960) . In addition to the above, Higuchi, Kupferberg, and Smith (1959) demonstrated that virulent strains require Ca-++ for aerobic growth at 37 C. Subsequently, Higuchi and Smith (1961) developed a differential plating medium, containing Mg+,+ and Na oxalate, which is selective for avirulent mutants found to arise at the high mutation rate of 10-4. These Ca+-independent mutants, studied by several workers, uniformly fail to produce detectable concentrations of virulence antigens (Surgalla, 1960 (Brubaker and Surgalla, 1961a Higuchi and Smith (1961 Purine independence and ability to form pigmented colonies were determined by use of the synthetic hemin agar developed by Jackson and Burrows (1956a performed directly on the whole culture by use of the gel diffusion procedure described by Lawton, Fukui, and Surgalla (1960) . Since all tested strains which produce W antigen also produce V antigen (Burrows, 1960) Lawton. Production of pesticins I and II, and sensitivity to these bacteriocin-like substances, were determined by the methods previously described (Brubaker and Surgalla, 1961b Table 2 , all resistant and streptomycin-dependent isolates produced both pesticin I and II, and were not sensitive to these substances; all tested isolates were toxigenic. The major phenotypic change associated with avirulence was the loss of the Ca-++ requirement, as evidenced by maximal viable counts on MGOX incubated at 37 C. Since these isolates produced VW antigens, they are referred to as VW+ avirulent mutants to distinguish them from the typical Ca+-independent or VW" avirulent type. Data are summarized in Table 3 concerning the frequency of VW+ avirulent, partially virulent, streptomycin-dependent, and virulent isolates obtained from six virulent strains by selection with streptomycin. VW+ atirulent isolates. As shown in Table 2, isolates S2, S9, S15, and S20 were of the VW+ Figure 1 illustrates a smooth, VW-avirulent colony and two rough, VW+ avirulent colonies obtained from the virulent nonglycerol-fermenting strain P23 (described below). These colonies were grown on MGOX for 48 hr at 37 C. In the case of the nonglycerol-fermenting strains, VW+ avirulent colonies were rough when grown at 26 C by the criterion of Eisler, Kubik, and Preston (1958) , whereas the majority of virulent isolates formed smooth colonies at this temperature. Resistant isolates obtained from the glycerol-fermenting strain Siam and also from the glycerol-fermenting strain Yokohama (not included in this report) exhibited no correlation between smoothness and virulence when grown at 26 C.
All virulent resistant isolates gave rise to smooth, VW-avirulent mutants at approximately the same frequency as did their virulent, streptomycin-sensitive parents. However, the majority of tested virulent, resistant isolates, after storage on BABS at 5 C for 3 to 6 months, produced approximately 1 rough colony per 1,000 smooth colonies at 37 C when plated dir- at 37 C. Therefore, depending upon the parent strain employed, it is apparent that those VW+ avirulent mutants which are directly selected at 26 C by resistance to streptomycin may exhibit reduction in viability upon subculture at 37 C. However, if the VW+ avirulent mutant is isolated or subcultured at 37 C, full viability at this temperature is observed upon subsequent testing. The possibility exists that the latter strains have repaired or modified a lethal physiological defect which is expressed at the higher temperature. The LD50 values of all VW+ avirulent strains for the mouse and guinea pig were greater than 108 cells, regardless of whether the strains exhibited maximal viability at 37 C.
Growth of isolates P23, VW/P23, and OX/ P23 was followed turbidimetrically in HIB containing 0.02 M MgCl2, 0.02 M Na oxalate, and 0.03 M glucose. Inocula were obtained by removing the growth from BAB slants which had previously been incubated for 24 hr at 37 C. As shown in Fig. 3 , the VW" avirulent strain grew rapidly, the VW+ avirulent strain grew slowly, and the virulent strain grew poorly.
In subsequent experiments, no difference in growth rate of the three strains was observed when 0.0025 M Ca+ was incorporated into HIB containing 0.03 M glucose. These results suggest that strain VW/P23, and presumably other VW+ avirulent strains, require Cal-+ for optimal growth at 37 C. Since growth of strain VW/P23 is partially suppressed in HIB containing Mg+ and oxalate, we assumed that the same phenomenon occurs on MGOX. Accordingly, an attempt was made to isolate VW-avirulent mutants from strain VW/P23 by plating 106 cells on MGOX. After incubation for 48 hr at 37 C, numerous large colonies were seen protruding above the confluent background growth. Cells from these colonies, upon suitable purification, were found to give rise to typical, smooth, VWN colonies. Thus, VW+ avirulent cells, as do virulent cells, give rise to VW-avirulent mutants at high frequency; however, the mutation rate of the former could not be determined since growth of the VW+ avirulent parent type prohibited accurate counting of the VW-avirulent colonies.
Partially virulent isolates. As shown in formed was decreased. These results (Table 5) demonstrate that virulent cells must be present to effect inhibition of avirulent colony formation. In the above experiment, MGOXS plated with 102 strain OX/S4 cells mixed with 107 strain S4 cells exhibited slight background growth, whereas, in a subsequent experiment, 107 strain OX/S4 cells plated alone gave rise to heavy confluent growth. This fact suggested that the strain S4 cells might be producing a metabolite which is toxic to the strain OX/S4 cells (iii or iv); attempts to demonstrate the presence of such a substance by a number of procedures were not successful. However, it was shown that streptomycin, and to a greater extent, dihydrostreptomycin, enhances the growth at 37 C of the resistant virulent strains P23, S4, and Y23 (an isolate from strain Yokohama) in HIB supplemented with 0.02 M Mg++, 0.02 M Na oxalate, and 0.03 M glucose. In addition, as shown in Table 2 , background growth of the virulent, resistance isolates S5, S13, S17, and S19 was observed upon plating of suitable dilutions on MGOXS, but not MGOX. Therefore, it appears that, in the case of some resistant virulent strains, streptomycin partially substitutes for Ca; , and this property may explain, in part, the inhibition of avirulent colony formation, by the mechanism described (v) above. An additional possibility is that streptomycin, in the absence of Ca+, may activate an infective process resulting in transfer of Ca++ dependence. Streptomycin-dependent isolates. The streptomycin requirement for growth associated with streptomycin dependence in P. pestis, employing the isolate P25 obtained from strain Poona, is illustrated in Fig. 4 . In order to form colonies, unmodified cells of this strain required approximately 2,000 units of the antibiotic per ml BAB at 26 C, and at least 300 units at 37 C. Results analogous to those reported by Matney, Goldschmidt, and Bausum (1960) , indicating the presence of a modifier mutation to reduced dependence and a suppressor mutation to independence, were observed at 26 C but not at 37 C.
Other observations. When BABS plates were inoculated with 1010 streptomycin-sensitive cells and held at 37 C for 1 week, no visible colonies were observed. However, upon removal to room temperature, colonies appeared within 48 hr; no colonies appeared on control plates retained at 37 C. The mutation frequency to streptomycin resistance at 26 C was 1010 in all cases.
Since VW+ avirulent mutants were readily isolated from resistant strains after storage at 5 C, an attempt was made to obtain this mutant type by employing the same procedure using a streptomycin-sensitive strain. Accordingly, growth from a slant of strain Siam, previously held at 5 C for 3 months, was streaked directly on MGOX and incubated for 48 hr at 37 C. A number of rough colonies were observed, and growth from ten of these was streaked on BAB and incubated at 26 C. The above procedure was repeated and, upon suitable testing, it was found that two of the isolates were identical in all respects with the VW+ avirulent isolates described above, with the important exception of being sensitive to streptomycin. Thus, the isolation of avirulent mutants which produce VW and FI antigens, in addition to being pigmented, purine-independent, and fully toxigenic, is not dependent on streptomycin resistance.
DISCUSSION
The genetic loss of one or more of the four virulence properties described by Burrows results in varied degrees of avirulence. Cells which fail to produce FI antigen, while retaining the other virulence properties, are fully virulent for the white mouse but not for the guinea pig (Burrows, 1957; Burrows and Bacon, 1958) ; however, full infectivity is observed in the guinea pig (Donavan et al., 1961) . The sole genetic loss of either purine independence or ability to form pigmented colonies results in complete avirulence for both the guinea pig and mouse. Full virulence is restored upon injection of the test mouse with purine (Burrows, 1955) or Fe++ (Jackson and Burrows, 1956b) . Strains which are unable to produce VW antigens are also completely avirulent; however, no specific procedure has been reported whereby strains of this type may be specifically restored to virulence by manipulation of the host. Since avirulence in the case of purine dependence and nonpigmentation is reversible, the sole loss of these properties merely masks the expression of virulence; such strains are considered to be potentially virulent. However, avirulence associated with the loss of VW antigen production may be irreversible. Thus, the genetic potential to produce these antigens appears to be the critical virulence factor in P. pestis.
The finding that VW-avirulent strains are uniformly Ca-++-independent suggests that VW antigen production and Ca++ dependence are phenotypic expressions of the same genetic determinant (Higuchi and Smith, 1961 The observation that VW+ avirulent strains, isolated at 26 C, do not exhibit full viability upon subsequent culture at 37 C has important significance. This type of cell would be difficult to detect in virulent cultures grown at 26 C, since expression of the VW+ avirulent phenotype is observed only at elevated temperatures, which may also result in a 2 to 4 log reduction of their viability. Since 20% of the resistant isolates obtained were of the VW+ avirulent type, an equal percentage may be present in cultures of streptomycin-sensitive, virulent strains grown at room temperature, unless this property is linked to streptomycin resistance.
One general observation is that the growth of those mutant types, possessing the genetic potential to form colonies on various media containing streptomycin, was supressed at 37 C in the presence of both the antibiotic and large numbers of cells which lacked that genetic potential. Examples are the inability to select at 37 C (i) VW-avirulent mutants from resistant, virulent strains plated on MGOXS, (ii) resistant mutants on BABS from streptomycin-sensitive strains, and (iii) presumed suppressor mutants at low levels of antibiotic from streptomycindependent strains. The possibility exists that the same inhibitory phenomenon may occur in all of the above cases.
A number of apparent differences between the glycerol-fermenting strain Siam and nonglycerolfermenting strains were observed. The additional virulent glycerol-fermenting strains Yokohama and Kuma were tested; however, these data were not included since these strains are atypical in that they possess a markedly accelerated growth rate (Yokohama) or an apparent increased mutation frequency to Ca++ independence (Kuma).
It would be of interest to determine whether other typical glycerol-fermenting strains resemble strain Siam, which solely gave rise to both partially virulent mutants and temperature stable VW+ avirulent mutants that exhibited smooth colonial morphology at 26 C. It may be significant that clones obtained from glycerolfermenting strains which did not exhibit the glucose effect of Wessman, Miller, and Surgalla 
